Molecular dynamics simulations have been performed on molten (Dyi/3,K)C1 at 1093 K in order to compare the calculated self-exchange velocity (SEV), self-diffusion coefficient (D) and electrical con ductivity with the corresponding experimental results. It was found that SEV, v, and D of potassium de crease with increasing concentration of dysprosium, as expected from the internal mobility, b. The decrease of bK, vK, and DK are ascribed to the tranquilization effect by Dy3+ which strongly inter acts with CP. On the contrary, bDy, vDy, and £>Dy increase with increasing concentration of Dy3+. This may be attributed to the stronger association of Dy3+ with Cl~ due to the enhanced charge asym metry of the two cations neighboring to the Cl-. In addition, the sequence of the calculated SEV's, D's and electrical conductivities for the various compositions were consistent with those of the referred ex perimental results.
Introduction 2. The Molecular Dynamics Simulation
In [1] we have developed a pyrochemical process for electronegative elements, introducing countercurrent electromigration [2] into the electrowinning systems [3] [4] [5] [6] [7] following the Argonne National Laboratory's suggestion [8] . In addition, we have previously per formed an estimation of the enrichment degree for the molten alkali ternary chlorides (Li, Na, Cs)Cl [9] , (Li, K, Cs)Cl [10] , (Na, K, Cs)Cl [11] and the fluoride (Li, Na, Cs)F [9] by MD simulation. We also previously demonstrated that the multivalent cations such as La3+ [12] , Nd3+ [13] , and D y3+ [14] were easily separated by electromigration because the difference in the mobil ities of alkali cations and rare earth cations is large. Thus, this countercurrent electromigration induced us to study the internal cation mobility in molten DyCl3-KC1 mixtures, since dysprosium is one of the main fis sion products among the electronegative elements. Pure KC1 and DyCl3 was also simulated for compari son with (Dy1/3,K)C1. Few studies on self-exchange velocities in multivalent-monovalent mixtures seem to exist so far.
The MD simulation of molten KC1, DyCl3 and (Dyi/3,K)C1 was done with more than 1000 Cl-ions placed in a basic cube with periodic boundaries, the side length L of which was determined from the molar vol ume calculated from those of the pure melts on the as sumption of additivity. Pair potentials of the Bom-Mayer-Huggins type were employed 
where z,-and Z j are the formal charges of the ions i and j, r is the distance between two particles, b and g are re pulsion energy, and ctj and dy dispersion energy param eters, e is the elementary charge, a, and o} are ionic ra dii, £q is the permittivity of vacuum and A the Pauling factor. The first term in (1) represents the Coulomb interaction, the second the Bom-Huggins exponential repulsion with parameters provided by Tosi and Fumi [15] , while the third and fourth terms represent the di-0932-0784 / 01 / 0300-0273 $ 06.00 © Verlag der Zeitschrift für Naturforschung, Tübingen • www.znaturforsch.com r /nm pole-dipole and dipole-quadrupole dispersion energies with parmeters given by Mayer [16] . The dipole-quad rupole term for DyCl3 and (Dy1/3,K)C1 were excluded, as was the case for (Dy1/3,Na)Cl [17] . The potential pa rameters, such as the ionic radius and softness parame ter, were predicted from reproducing the experimental pair correlation functions [18] for DyCl3 at 1100 K as shown in Fig. 1 and from the data of (Dy1/3,Na)Cl. The corresponding parameters for the mixture were deter mined by the combination rule given by Larsen et al. [19] , More detailed data of the adopted values of A, b, q, r, c, and d are listed in Table 1 . The Ewald method [20] was employed for the calculation of the Coulomb forces; the cutoff distance in real space was LI2, and the reciprocal lattice vectors |n2| were counted up to 27. The convergence parameter a was 5.6/L and the time step 5 fs. At the beginning, MD runs were conducted with the constant temperature method of Woodcock [21] . After attainment of constant temperature by run ning several thousand steps, these were converted to constant energy runs. From the runs during more than 104 time steps, using Verlet's Algorithm after attainment of equilibrium, the structure and the other properties were obtained.
Results and Discussion
The pair correlation function g(r) and the running co ordination numbers n (r) for increasing concentration of Dy are shown in Fig. 2a-d . Some characteristic proper ties of g(r) and n(r) numbers are summarized in Table 2 . Comparison of the pair correlation functions of Table 2 . Characteristic values of the ^( r ) 's for cation-anion and anion-anion pairs. Ry and R2 are the distances where g^r) crosses unity for the first and second time, respectively, RM and Rm are the distances at the first maximum and minimum, respectively. neq(R2-R m) is the partial equivalent coordinati on number within R2~Rm of a cation, which is equal to the co ordination number of Cl-around the cation. pure DyCl3 and KC1 with those of the binary mixtures shows that the position RM of the first peak of gDy_Ci re mains much the same. As for the peak heights, gDy_Ci is larger in the binary mixtures than in pure DyCl3. On the contrary, gK_ a is larger in the binary mixtures than in the pure KC1. The separating motion of cation-anion pairs can be expressed in terms of the self-exchange velocity (SEV). The evolution of the average distance of marked Dy3+ and K+ ions from a Cl~ ion for two compositions is shown in Figure 3 . The SEV, v, which is correlated with internal mobility [22] , is defined by
where R2 is the distance where the pair correlation func tion between cation and anion reaches unity after the first peak, and (R(0)) is the average distance of cations located within R2 from a reference anion at t = 0. t= r is the average time in which the average distance of such particles becomes R2. Thus, the SEV is the velocity of the separating motion of two neighboring unlike ions and can be calculated with good accuracy from quite short MD simulation steps, since each anion has sever al neighboring cations. For the present system the SEV was calculated from 150 origins for the molten binary mixtures. The solid and broken lines in Fig. 3 show R2 for Dy and K, respectively. The obtained SEVs for Dy and K are tabulated in Table 3 , which shows that the SEV of Dy is smaller than that of K at all compositions. We have already demonstrated the strong correlation between internal mobilities and SEVs for some alkali chlorides [11, 22] . The relationship between the internal cation mobility [14] , b, and the SEV, v, in our case is shown in Figure 4 
Conclusion
This electromigration method could be used for effec tive separation of rare earth ions from alkali ions, be cause bK and vK are much (ca. 3-10 times) greater than bDy and vDy in the whole concentration range, as expect ed. As the concentration of Dy3+ increases, bK, vK, and Dk decrease considerably. This decrease is ascribed to the tranquilization effect by Dy3+ which strongly inter acts with the Cl" ions. As the concentration of K+ in creases, bDy, vDy, and Z)Dy gradually decrease and be come very small at high KC1 concentrations. This de crease may be attributed to a promoted association of species containing Dy3+ and generation of the long-lived species [DyCl6]3-. In addition, we estimated the self-exchange velocity, self-diffusion coefficient and electrical conductivity in this system from the MD simulation. The orders of these parameters obtained from the MD simu lation are consistent with the experimental results.
